Abstract A method for the deposition of molybdenum oxide (MoO x ) with high growth rates at temperatures below 200
Introduction
Its spectrally broad transparency and high work function makes evaporated molybdenum oxide (MoO x ) a promising candidate for substituting amorphous silicon emitter in silicon heterojunction (SHJ) solar cells [1] . Thus the replacement of the p-doped amorphous silicon emitter by higher band gap materials like MoO x can lead to a gain in the photo current of such cells [2] [3] . However, a thin intrinsic amorphous silicon((i)a-Si:H) layer between the oxide and the crystalline silicon (c-Si) is still needed to improve the poor surface passivation quality of the oxide and to fully benefit of the MoO x -induced high open circuit voltage (V OC ) [3] . Although the hole-selective conductivity mechanism through the MoO x /(i)a-Si:H/(n)c-Si stack is not fully understood in detail, it is influenced by the defect state density in the MoO x as well as the MoO x layer thickness itself [3] [4] . For depositing very thin (<10 nm), conformal oxides on structured silicon surfaces atomic layer depostion (ALD) is due to its reaction-limited growth process an ideal candidate [5] .Thermal ALD recipes for MoO x are recently reported by different groups, but up to now non of these MoO x layers are tested as emitter alternative in SHJ solar cells [6] [7] [8] .
In this work, we introduce an alternative new plasma enhanced atomic layer deposition (PE-ALD) process for MoO x layers. Influences of the process conditions on the stoichiometry of these layers,as well as there performance on cell level are shown.
Experimental
The MoO x deposition was carried out by an PE-ALD process in a FlexAL ALD reactor (Oxford instruments) with inductively-coupled plasma source. Before starting a deposition the reactor chamber is pumped to a base pressure below 0.7 mPa and the substrate is heated to 180
• C . Due to the low vapor pressure of the used liquid Mo precursor (NtBu) 2 (NMe 2 ) 2 Mo , the source is heated to 50
• C and transported to the reactor chamber by Ar gas (step 1). After the first precursor dose the reactor chamber is purged by Ar only (step 2), while later in the purge step the Ar flow through the ICP source is changed to O 2 to get a stable O 2 flow trough the plasma source (step 3). In next step (step 4) O 2 plasma is burned over the substrate with a plasma power of 300 W. The last step (step 5) in the cycle is done by flowing O 2 through the ICP source for the one second (1 second O 2 plasma) and the two second O 2 (2 second O 2 plasma) plasma processes (figures: 1, 2). The minimal reactor pressure is set to 2 Pa. The upper limit of each step of the different processes is given in the process cycle overview of the processes (see figures: 1, 2, 3). The PE-ALD plasma step duration is varied between 1 s (figure:1) and 2 s (figure:2). Additionally, the influence of an Ar plasma on the MoO x layers is tested by inserting an six second Ar plasma step with 300 W plasma power (2 second O 2 plasma & Ar) (compare figure:3). The thicknesses and growth per cycle (GPC) of the produced MoO x layers on silicon substrate are measured by spectral ellipsometry using a Tauc-Lorentz model combined with an Gauss oscillator to model sub band gap absorption if necessary [9] . X-ray photoelectrons spectra of the as deposited MoO x layers are measured by a Kratos Axis Ultra photoelectrons spectrometer (x-ray source Al E Kα = 1486.7eV).
For the solar cell preparation polished float-zone grown phosphorous doped (100) silicon wafers with a resistivity of 1-5 Ωcm were used. The wafers were cleaned using the RCA process and dipped in diluted hydrofloric acid (2 min, 1 % vol.) prior to amorphous silicon depositions and 5 nm intrinsic amorphous silicon were deposited at the front side of the wafers and a stack of 4 nm intrinsic and 8 nm phosphorous-doped amorphous silicon was deposited on the back side. Amorphous silicon layers were deposited by plasma enhanced chemical vapor deposition. The intrinsic amorphous silicon layers were deposited using an excitation frequency of 13.56 MHz and a power density of 20 mW/cm 2 . The deposition temperature was 170
• C, the pressure 0.5 mbar, the distance between electrode and substrate on the grounded electrode was 3 cm and the process gas consisted of pure silane. The intrinsic layers were exposed to a hydrogen plasma treatment [10] in the same reactor at 1 mbar, an electrode substrate distance of 5 cm and a plasma power density of 60 mW/cm 2 . Phosphorous-doped amorphous silicon was grown in a reactor with 60 MHz excitation, at 0.5 mbar, 195
• C, with an electrode distance of 2.3 cm, at plasma power density of 20 mW/cm 2 with a gas phase doping of 2000 ppm provided by mixing phosphine diluted at 1 % in hydrogen with silane. Directly after a 1 min dip in 1 %vol.diluted Hf, to remove an potential native oxide from the amorphous silicon, 10 and 20 nm thick molybdenum oxide layer have been deposited by the introduced PE-ALD processes with varying plasma steps on the front side of the wafers. Following the molybdenum oxide depositions indium-tin-oxide (ITO) was sputtered onto the samples. The ITO layers were RF-sputtered from a ceramic target at a pressure of 6 mbar, a sputtering power of 70 W, a voltage of about 165 V and a gas flow of 40 sccm. The sputter gas consisted of Argon with 0.2 % oxygen for the front side ITO and 0.5 % oxygen for the back side layer. The thickness of the front side ITO is about 80 nm, while about 150 nm were deposited on the back side. Since the layers were deposited at room temperature a two minute post deposition anneal at 200
• C was conducted. Metal contacts were applied by thermal evaporation of titanium silver stacks. 10 nm of titanium were deposited as an adhesion layer and 500 nm of silver were added on the back side and 1500 nm on the front side. The front side evaporation was conducted through a shadow mask. Afterwards the solar cell area of 1 cm 2 was defined by photolithography and HCl etching of the ITO layer on the front side. Photoconductanse decay measurements were conducted using a Sinton Instruments system to measure the minority carrier lifetime of the wafers in between different process steps [11] . Bright IV of the solar cells were measured using a class c sun simulator.
Results and discussion
In figure 4 the MoO x film thickness determined by spectral ellipsometry, plotted over the number of performed ALD cycles for the 1 second and 2 second O 2 plasma processes, is shown. A very similar linear increase of layer thickness with number of cycles is found for both processes. The relatively high growth rate per cycle of 0.06(5)±0.008 nm for both O 2 plasma durations indicates that oxygen saturation is reached at a plasma power of 300 W within 1 s. This high growth rate at 180
• C is one main benefit compared to the thermal ALD MoO x process reported by Bertuch et. al. [8] ure5 ). While the 2 second O 2 plasma process shows no sub band gap absorption the additional Argon plasma step leads to small, wide sub band gap absorption in the MoO x layers the. For 1 second O 2 plasma duration the sub band gap absorption is more pronounced and less wide (figure5).
X-ray photoelectron spectroscopy (XPS) was used to identify the core level binding energies and oxidation states of the MoO x layers.The spectra of the films on silicon show characteristic peaks for the oxygen molybdenum. Beside a small carbon peak from surface contamination no additional peaks can be found in the survey spectra (not shown).In figure 6 very similar spectra for all processes can be found in the Mo 3d doublet region. Two peaks are observed at 232.5 and 235.6 eV, which corresponds to the Mo 3d 5/2 and Mo 3d 3/2 respectively. This values are consistent with reported values for the A clear difference can be found in the O 1s energy region in figure 7 . While all measurements show a similar O 1s peak at 530.3 eV a second oxygen related peak at higher binding energies can be found in the spectra. In the 1 second O 2 process spectrum this peak at 531.3 eV is less pronounced, compared to the spectra of 2 second O 2 processes, in which this peak is located at slightly higher binding energies at 531.8 eV. Choi and coauthors [12] assign a very similar peak in molybdenum oxide Therefore a lower open circuit voltage, and as well a more pronounced "s-shape" can be expected. In total it leads to a significant loss in fill factor and efficiency It is known that work-function in sub-stoichiometric molybdenum oxide(x < 3) decrease by the removal of oxygen [14] . Although all as deposited oxides are over-stoichiometric we speculate that the ITO sputter step and the post deposition anneal can reduce the oxygen content in the MoO x layers during the cell process. It might be somehow plausible that after these reduction the MoO x layers with initial less oxygen still have a lower content and therefore a lower work function compared to layers with higher initial oxygen content. Such an effect would explain the high decrease in V OC and fill factor seen in cells with MoO x layers grown the 1 second O 2 PE-ALD process, with lower initial oxygen content. 
Conclusions
A new PE-ALD process for the deposition of MoO x with high growth rate at temperatures below 200
• C has been presented. XPS measurements show that the stoichiometry of the grown oxides can be influenced by the duration of the oxidizing plasma step. In a first experiment the integration of this MoO x layers as alternative emitters in SHJ solar cells are tested with efficiencies above 10 %. A strong influence of initial stoichiometry on the open circuit voltage and on cell performance can be reported. The best cells have a 10 nm MoO x layer and a 2 second oxygen plasma step.
